Purpose Methamphetamine (METH) abuse is a worldwide drug problem, yet no FDA-approved pharmacological treatments are available for METH abuse. Therefore, we produced an anti-METH single chain antibody fragment (scFv7F9Cys) as a pharmacological treatment for METH abuse. ScFv's have a short half-life due to their small size, limiting their clinical use. Thus, we examined the pharmacokinetic effects of conjugating poly(ethylene) glycol (-PEG) to scFv7F9Cys to extend its functional half-life. Methods The affinity of scFv7F9Cys and PEG conjugates to METH was determined in vitro via equilibrium dialysis saturation binding. Pharmacokinetic and parameters of scFv7F9Cys and scFv7F9Cys-PEG20K (30 mg/kg i.v. each) and their ability to bind METH in vivo were determined in male SpragueDawley rats receiving a subcutaneous infusion of METH (3.2 mg/kg/day). Results Of three PEGylated conjugates, scFv7F9Cys-PEG20K was determined the most viable therapeutic candidate. PEGylation of scFv7F9Cys did not alter METH binding functionality in vitro, and produced a 27-fold increase in the in vivo half-life of the antibody fragment. Furthermore, total METH serum concentrations increased following scFv7F9Cys or scFv7F9Cys-PEG20K administration, with scFv7F9Cys-PEG20K producing significantly longer changes in METH distribution than scFv7F9Cys. Conclusions PEGylation of scFv7F9Cys significantly increase the functional half-life of scFv7F9Cys, suggesting it may be a long-lasting pharmacological treatment option for METH abuse.
INTRODUCTION
(+)-Methamphetamine (METH) abuse is a major drug problem in the United States today, as evidenced by a startling 51.5% increase in use between 2007 and 2011 (1, 2) . Furthermore, in 2005 METH abuse resulted in a total estimated economic burden of over $23 billion in the US, $351 million of which was due to health related costs (3) . METH causes a variety of negative systemic effects including hypertension, stroke, and tachycardia. The central nervous system (CNS) is one of the major organ systems subjected to METH's toxic effects. This can lead to various neurological consequences, including motor slowing, verbal learning impairment, and psychiatric symptoms (4, 5) . These METHinduced neurological symptoms are in part mediated by a release of dopamine, a down-regulation of the dopamine transporter (6, 7) , and by an increase in excitotoxic signaling pathways (8, 9) . Despite the great need for treating these negative medical effects, currently no FDA-approved pharmacological treatments are available for the medical consequences of METH abuse.
High-affinity anti-METH monoclonal antibodies (mAbs) are a potential pharmacological treatment option for METH abuse and toxicity. Anti-METH mAbs show efficacy in reducing METH brain concentrations (10) and cardiac effects (11) by altering the disposition of METH in rodent models of METH use. Antibody binding of METH in the systemic circulation causes redistribution of METH out of tissues and back into the bloodstream. This mechanism, called pharmacokinetic antagonism, moves METH away from its sites of action in the brain, thereby reducing the physiological and rewarding effects of the drug (12) . While effective, the mAb format has some limitations, including potential reactions to non-host mAb's (13) . Although mAb7F9 has not been shown to be immunogenic, a smaller antibody fragment lacking the constant region may alleviate potential immune responses.
Therefore, our lab developed a single chain variable fragment (scFv) from the cDNA of a high-affinity anti-METH mAb. An scFv consists of the variable region of the original high-affinity mAb connected by an engineered short chain peptide sequence. Like a mAb, preclinical studies show an anti-METH scFv is capable of altering the disposition of METH in rodents (14) . However, the short half-life of the scFv developed in our lab makes it less than ideal for the treatment of chronic conditions like METH addiction, plus it may retain some potential for in vivo immunogenic responses.
Poly(ethylene) glycol (PEG) was first introduced as an immunoprotective agent in 1977, when it was conjugated to bovine serum albumin (15) . Since then, PEG has been shown to improve pharmacokinetic properties (e.g. lengthen in vivo half-life), block enzymatic degradation, reduce immunogenicity, and increase the overall safety of many therapeutics (16) (17) (18) . Due to its association with water molecules, PEG has a larger apparent size in vivo than its actual molecular weight (17) . This increase in size reduces renal clearance, thus prolonging the in vivo half-life of the PEG conjugate. Furthermore, the water molecules create a protective shell around the conjugated protein reducing the availability of the protein for enzymatic degradation (17) . However, in some studies PEG has been shown to result in vacuolization in both phagocytic and non-phagocytic cells (19) . Formation of these vacuoles has not yet been associated with any significant toxicities (19) , suggesting further studies are needed to determine if this is a toxic side effect. Despite the formation of vacuoles, PEG conjugation has been employed in the development of multiple FDA-approved drugs, such as Nulasta® and Pegasys® (20) (21) (22) . Additionally, studies examining the PEGylation of a bacterial anti-cocaine catalytic enzyme (CocE) found a reduced immunogenicity of the bacterial enzyme, as well as protection from a lethal dose of cocaine in vivo (23) . Here we will discuss the first example of PEGyation of an anti-METH biologic as a potentially safe and long-lasting treatment for METH abuse.
PEGs are commonly modified by the addition of a functional group, which allows for site-specific conjugations. With this in mind, our scFv (scFv7F9Cys) was designed with a terminal cysteine residue, providing a site for conjugation to a PEG moiety containing a maleimide functional group. By conjugating PEG to scFv7F9Cys our goal was to create an anti-METH therapeutic with an extended half-life more conducive to relapse-prevention treatment rather than overdose. In this manuscript we report the conjugation, purification, and functional properties, both in vitro and in vivo, of scFv7F9Cys and its PEGylated conjugates.
Additionally, we preliminarily investigated the effects of administering scFv7F9Cys and one PEG conjugate, scFv7F9Cys-PEG20K on the effects on protein expression of six METH neuroadaptation markers in the brain. METHinduced neuroadaptation can be observed at the vesicular monoamine transporter 2 (VMAT2), tyrosine hydroxylase (TH) and the dopamine transporter (DAT), ultimately reducing VMAT2 (24, 25) and TH (26) function and striatal DAT expression (27) or membrane trafficking (28) . Furthermore, a downstream effect of METH-induced dopaminergic toxicity is activation of the glutamatergic system leading to excitotoxicity (29) , via upregulation of the α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and nmethyl-d-aspartate (NMDA) receptors (30) . While to our knowledge there are no studies examining the effects of METH on the scaffolding protein, post-synaptic density 95 (PSD-95), it is known to associate with both the AMPA and NMDA receptors (31, 32) . Additionally, one group (33) found that knocking out PSD-95 function in mice elicited overactivation of the dopaminergic and glutamatergic systems in the presence of cocaine, suggesting that PSD-95 may play a critical role in suppressing neurotoxicity of stimulants, like METH. Therefore, we chose to examine the protective effects of scFv7F9Cys and its PEGylated conjugate, on three markers from the dopaminergic system, DAT, TH, and VMAT2, and the glutamatergic system, NR2A (NMDA subunit), AMPA (GluR2), and PSD-95. We hypothesize that PEGylation of scFv7F9Cys will increase its half-life and provide an increase protection from the neurological effects of METH. 
METHODS

Chemicals and Drugs
(+)-[2',6'- 3 H(n)]
Animals
All studies were performed in accordance with the Guide for Care and Use of Laboratory Animals and approved by the UAMS Institutional Animal Care and Use Committee (IACUC). Adult male Sprague-Dawley rats (275-320 g) with dual jugular vein catheters surgically implanted were purchased from Charles River (Wilmington, MA). Rats were housed by the UAMS Division of Laboratory Animal Medicine (DLAM) and given ad libitum access water. Food was controlled to maintain animals below 350 g in weight.
Cloning and Production of scFv7F9Cys
Murine mAb7F9 was developed as described previously (34, 35) . As discussed in past reports from this laboratory (14, 36) , the variable region sequences were organized in a VH-linker-VL order to convert the two heavy and light chain sequences of mAb7F9 to scFv7F9Cys. Sequence elements for a 6-histidine tag and a free cysteine were engineered at the carboxy terminus for purification and site-specific conjugation, as described (14, 36) . cDNA encoding scFv7F9Cys was synthesized by GenScript (Piscataway, NJ) and cloned into a pUC57 vector (14, 36, 37) . For maintenance the plasmids were transformed into E. coli strain DH5α (Invitrogen, Carlsbad, CA). Plasmids were isolated and tested for fidelity by DNA sequencing (University of Arkansas for Medical Sciences DNA Sequencing Core Facility, Little Rock, AR). Once sequences were confirmed, the plasmids were sent to Catalent Pharma Solutions (Madison, WI), where scFv7F9Cys cDNA was integrated into CHO cells using Catalent's GPEx retroviral system. Once virus-free, stable cell lines were confirmed, and cells were preserved at -80C for subsequent protein production.
Conjugation of scFv7F9Cys to PEG
ScFv7F9Cys was engineered with a terminal cysteine located away from the METH binding pocket. This served as the conjugation site for PEG functionalized with a maleimide group. ScFv7F9Cys was incubated with a three-fold molar excess TCEP reducing agent (Thermo, Rockford, IL), and subjected to shaking at 22°C for two hrs. Reduced scFv7F9Cys was subsequently incubated with a molar excess of a 5 kDa, 20 kDa, or 40 kDa methoxy-poly (ethylene glycol)-maleimide (PEG) shaking at 22°C for two hrs. Samples were analyzed by SDS-PAGE on a 4-12% Bis-Tris gradient polyacrylamine gel (Life Technologies) in MES buffer (Life Technologies). Protein was detected with a Coomaisse-based stain, GelCode Blue (Thermo).
Purification of scFv7F9Cys-PEG20K & -PEG40K
Once conjugated, PEG conjugates were purified using an AKTA Explorer 100 FPLC and a HiTrap 1 mL IMAC FF column (GE Healthcare, Piscataway, NJ). The column was equilibrated with five column volumes of buffer with a low imidazole concentration (20 mM NaPO 4 , 500 mM NaCl, 10 mM Imidazole). ScFv7F9Cys-PEG20K or scFv7F9Cys-PEG40K was eluted using a five-step gradient (5, 10, 15, 20, 100%) of elution buffer (20 mM NaPO 4 , 500 mM NaCl, 500 mM Imidazole). All collected fractions were analyzed by SDS-PAGE. Fractions containing the purified PEGylated conjugate were pooled together for future studies.
Determination of METH Binding Affinity
METH binding affinity was determined as described previously (36) . Briefly, a teflon reusable base plate (Thermo, Rockford, IL) with rapid equilibrium dialysis (RED) devices was used (Thermo, Rockford, IL). Saturation binding assays were performed to determine the affinity of scFv7F9Cys, scFv7F9Cys-PEG20K, and scFv7F9Cys-PEG40K. Specific binding and non-specific binding were measured with increasing concentrations of 3 H-METH and a constant concentration (as determined via a titration assay) of scFv7F9Cys, scFv7F9Cys-PEG20K, or scFv7F9Cys-PEG40K. Nonspecific binding was measured using a molar excess of nonradiolabeled METH (10 mM). Samples were incubated overnight at room temperature, and shaken gently before being placed in scintillation fluid, vortexed for 30 sec, and analyzed by liquid scintillation spectrophotometry.
Radiolabeling Therapeutic Proteins for Pharmacokinetic Tracers
ScFv7F9Cys-PEG20K (500 μg) was buffer exchanged and concentrated using Pierce Concentrators (9 K MWCO, Thermo, Rockford, IL) into 0.1 M borate buffer (0.1 M Sodium Tetraborate, 0.5 M NaCl, pH 8.5). ScFv7F9Cys was buffer exchanged in the same manner into administration buffer (150 mM NaPO 4 , 20 mM NaCl, pH 7.5). Five hundred microcuries of 3 H-N-succinimidyl-[2,3-3H]propionate ( 3 H-NSP) was placed in a siliconized glass tube and dried under a constant stream of nitrogen gas. After 3 H-NSP was completely dried, therapeutic proteins were vortexed with the dried 3 H-NSP and mixed on ice for one hr (scFv7F9Cys-PEG20K) or two hrs (scFv7F9Cys).
3 H-NSP-labeled scFv7F9Cys and scFv7F9Cys-PEG20K were separated from unreacted 3 H-NSP using a Sephadex G-25 column (GE Healthcare). Each collected fraction was analyzed for radioactivity in Scintiverse scintillation fluid using a liquid scintillation spectrophotometer. Fractions that contained radioactivity, and were eluted at levels corresponding to each protein's size were pooled then dialyzed (Slide-A-Lyzer Dialysis Cassette, Thermo) into administration buffer (pH 6.4). Rats received an intravenous dose of scFv7F9Cys or scFv7F9Cys-PEG20K containing a radioactive tracer of 5 x 10 6 DPM of 3 H-NSP-scFv7F9Cys or 10 x 10 6 DPM of 3 H-NSP-scFv7F9Cys-PEG20K for pharmacokinetic studies.
Pharmacokinetic Studies of scFv7F9Cys and scFv7F9Cys-PEG20K
Two days prior to protein administration, a two-week osmotic pump (Alzet, Cupertino, CA) delivering a constant infusion of 3.2 mg/kg/day of METH or saline was implanted subcutaneously in the mid-back of the rats. Twenty-four hrs after implantation a blood sample was drawn from the right jugular vein catheter to determine the baseline serum concentration of METH. At this time, rats were housed in metabolic cages. ScFv7F9Cys (30 mg/kg plus radioactive tracer), scFv7F9Cys-PEG20K (30 mg/kg plus radioactive tracer) or a volume equivalent of saline was administered through the left jugular vein catheter. A total of four groups were studied: saline + saline, saline + METH, scFv7F9Cys + METH, and scFv7F9Cys-PEG20K + METH. A blood sample (approximately 150 μl) was taken from the right jugular vein catheter prior to protein administration then at 1, 5, 10, 30 mins, 1, 2, 4, 8, 24, 48, and 72 hrs after therapeutic protein administration for scFv7F9Cys-PEG20K and saline groups. Blood sampling was stopped after the 2-hr time point for the scFv7F9Cys group because scFv7F9Cys concentration had returned to baseline levels as determined by the level of radioactive tracer remaining. Hematocrit values were measured at two time points on day zero, prior to administration of the protein dose and four hrs after protein administration. Rats were sacrificed by decapitation under isoflurane anesthesia. Samples were stored at -80°C until analysis was performed.
Due to sampling limitations, two groups of rats were used for scFv7F9Cys, and two groups were used for scFv7F9Cys-PEG20K (n = 3 per group). The first groups of scFv7F9Cys or scFv7F9Cys-PEG20K received a radioactive tracer in addition to the 30 mg/kg protein dose and serum samples collected were used for therapeutic protein concentration analysis. The second groups of scFv7F9Cys or scFv7F9Cys-PEG20K were administered 30 mg/kg of therapeutic protein without a radioactive tracer. Serum samples collected from this group were analyzed for METH concentrations.
Pharmacokinetic Analysis of Total METH
METH serum concentrations were analyzed using LC/MS-MS. Solid-phase extraction (SPE) columns (Phenomenex, Torrece, CA), placed on a 24-sample manifold (Phenomenex) were conditioned with methanol and then loading buffer (100 mM NaPO 4 , pH 8.1). After the loading buffer had eluted by gravity, stops were closed on the manifold and loading buffer was added to each column. Next, standards and serum samples were vortexed with 0.2% formic acid in LCMS grade water. Loading buffer containing 1 μg/mL of internal standard was added to each sample. Samples were diluted to between 3 and 25-fold in normal rat serum (PEL-FREEZ, Rogers, AR) to ensure sample was within the generated standard curve. METH standards (stock from Cerilliant, methamphetamine: #M-004, #M-009; amphetamine: #A-019, #A007) used were 0.3, 1, 3, 10, 30, 100, 300, 100, 2000, ng/mL and quality control standards were 3, 10, and 800 ng/mL. Prepared serum samples were then added to the corresponding SPE column and washed with methanol. The columns were dried for 10 mins under vacuum at 9 mPa.
METH was eluted from the SPE columns with four washes of elution buffer (90 mL Acetonitrile, 5 mL NH 4 OH, and 5 mL THF) into 0.5 N HCl. The columns were dried under vacuum (less than 5 mPa) to ensure recovery of the METH sample. Eluted samples were then dried under a constant stream of N 2 at 55°C. Dried samples were reconstituted with 0.1% formic acid in water (LCMS grade), vortexed, and shaken for 30 mins. Samples were centrifuged at 14,000 rpm for 5 mins. After centrifugation, samples were transferred to injection vials with pre-slit caps for analysis.
Total METH concentrations (bound plus free) of samples were determined using an Acquity Ultra Performace Liquid Chromatography system and Quattro Premier XE mass spectrometer (Waters Corporation, Milford, MA). Samples were first injected onto an Acquity UPLC BEH C18 1.7 μm column (Waters Corporation, Milford, MA) maintained at 40°C. Samples were separated at a flow rate of 0.3 ml/min with reverse phase chromatography and a linear binary gradient (mobile phase A: 0.1% (v/v) formic acid; mobile phase B: 0.1% (v/v) formic acid in acetonitrile). The column was coupled to an electrospray ionization probe, operating in the positive ion mode. Positive ions for METH and METH-D5 were generated at cone voltages of 18 and 21 volts, respectively. Product ions METH and METH-D5 were generated using argon collision induced disassociation at collision energy of 15 and 21 eV while maintaining a collision cell pressure of 3 x 10 -3 torr. Detection was achieved in the multiple-reaction-monitoring (MRM) mode using the precursor → product ions, m/z 149.8 → 90.8 and 155.2 → 91.5 for METH and METH-D5 respectively. The lower and upper limit of quantification for METH was 1 and 2000 ng/ml, respectively. All predicted values for standards were within ± 20% of the actual value.
Brain Collection and Preparation
Whole brains were harvested from rats following sacrifice by decapitation under isofluorane anesthesia, then flash frozen in liquid nitrogen and stored at -80°C until processed for qRT-PCR and Western blot analysis. In order to measure both mRNA expression and protein concentration from the same tissue, whole brain samples were pulverized using a large Bessman Tissue Pulverizer (Spectrum Laboratories Inc., Rancho Dominguez, CA). The tissue pulverizer was first cooled in liquid nitrogen. The frozen brain tissue sample was then placed in the pulverizer and the pestle placed on top. The tissue was then pulverized with a lead hammer until it was a powder. The powder was transferred to a 15 mL conical tube and placed at -80°C until later use.
Protein Detection from Brain Tissue
Homogenized brain tissue (approximately 10 mg) was placed in a 1.5 mL eppendorf tube with 500 μl of RIPA buffer (Thermo). Samples were homogenized with a pellet pestle motor and polypropylene pellet pestles, and incubated on ice for 30 mins. After incubation, homogenized tissue samples were sonicated on ice to further break up tissues. Each sample was sonicated for a total of five mins, in a cycle of 10 secs sonication then 10 secs off. Following sonication, the samples were centrifuged at 10,000 x g for 20 mins, and the supernatant collected. The protein concentration was determined via UV280 absorbance. Samples were stored at -80°C until analysis.
Protein concentrations were determined via western blot analysis. Briefly, 150 μg of total protein was loaded per lane of a 4-12% bis-tris gradient polyacrylamide gel (Life Technologies, Carlsbad, CA) for 40 mins at 200 V in 1 x MES buffer (Invitrogen, Carlsbad, CA). Protein was then transferred to a nitrocellulose membrane for one hr at 100 V in transfer buffer (20% v/v methanol, 192 mM Glycine, 25 mM Tris Base). Following transfer, the nitrocellulose membrane was blocked in TBS-T with 5% w/v evaporated milk for one hr. The membrane was then incubated with primary antibody (in TBS-T, 5% w/v BSA) for one hr 25°C (anti-PSD-95, 1:1000 dilution, NeuroMab, Davis, CA; anti-NR2A, 1:5000 dilution, Abcam, Cambridge, MA), two hrs at 25°C (anti-VMAT2 [HRP], 1:10,000 dilution, Novus Biologicals, Littleton, CO), or overnight at 4°C (anti-DAT, 1:1000 dilution, Sigma Aldrich, St. Louis, MO; anti-TH, 1:1500 dilution, Millipore, Temecula, CA; anti-GluR2, 1:1000 dilution, NeuroMab; anti-GAPDH, 1:1000 dilution, Cell Signaling Technology, Danvers, MA). Following incubation in primary antibody, the nitrocellulose membrane was washed three times for 10 mins each in TBS-T. The blot was then incubated with HRP-conjugated secondary antibody (in TBST, 0.2% w/v BSA) for one hr (Goat-anti-rabbit IgG HRP, 1:5000 dilution, Thermo; Goat-anti-mouse, 1:100 dilution, Thermo) followed by three 10-min washes in TBS-T. Secondary antibody was detected using Immunobilon Western Chemiluminescent HRP Substrate (Millipore).
Data Analysis & Statistics
All values are shown as the average +/-the standard error of the mean (SEM). Saturation binding data and all statistical comparisons for pharmacokinetic data were performed using GraphPad PRISM 6.0d software. Statistical comparisons were determined using unpaired t-tests. Pharmacokinetic data were analyzed via non-compartmental analysis using Phoenix WinNonLin software. ImageJ software was used for a densitometric analysis of western blots. Western blot data statistical analysis was completed using GraphPad PRISM 6.0d software, and all groups were normalized to the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), for analysis. Statistical comparisons were determined using one-way ANOVAs with a Tukey post-hoc test.
RESULTS
ScFv7F9Cys was conjugated to three separate poly(ethylene) glycol moieties: PEG5K, PEG20K, and PEG40K. PEGylation was analyzed using SDS-PAGE (Fig. 1) . SDS-PAGE gels were stained with Gel Code Blue for protein analysis. Purified scFv7F9Cys is shown in the first lane in Fig. 1 . Incubation of reduced scFv7F9Cys with PEG resulted in higher molecular weight bands for each conjugate: scFv7F9Cys-PEG5K (~35 kDa), scFv7F9Cys-PEG20K (~70 kDa), and scFv7F9Cys-PEG40K (~100 kDa) suggesting all three PEGs were conjugated to scFv7F9Cys. The lower band seen in conjugation lanes (~25 kDa) is unreacted scFv7F9Cys.
ScFv7F9Cys-PEG5K purification was tested via three different methods: immobilized metal ion affinity chromatography (IMAC), anion exchange chromatography (AEX), and size exclusion chromatography (SEC). However, analysis of each method via SDS-PAGE showed incomplete and inadequate purification of scFv7F9Cys-PEG5K from scFv7F9Cys (data not shown). As such, scFv7F9Cys-PEG5K was eliminated as a possible drug candidate and not tested further (Table I) .
ScFv7F9Cys-PEG20K was purified using a five-step elution profile over an IMAC column (Fig. 2a & b) . SDS-PAGE analysis showed that at low imidazole concentrations, scFv7F9Cys-PEG20K eluted from the column, while high imidazole concentrations were necessary for elution of unreacted scFv7F9Cys. We believe PEG20K sterically hindered how tightly scFv7F9Cys-PEG20K bound to the stationary phase of the column, and thus eluted with a reduced imidazole concentration compared to that necessary for scFv7F9Cys to elute. Fractions containing pure scFv7F9Cys-PEG20K were pooled and used for binding studies.
ScFv7F9Cys-PEG40K purification was performed using IMAC (Fig. 2c) . Similar to scFv7F9Cys-PEG20K, scFv7F9Cys-PEG40K was purified using a five-step elution profile over an IMAC column. Early fractions collected contained a small portion of purified scFv7F9Cys-PEG40K, while later fractions contained the bulk of product with unreacted scFv7F9Cys, as analyzed by SDS-PAGE.
Fractions containing purified scFv7F9Cys-PEG40K were pooled for saturation binding studies.
Saturation binding assays were used to determine the affinity of scFv7F9Cys and scFv7F9Cys-PEG20K for METH (Fig. 3a) . ScFv7F9Cys was found to have a K d of 8.7 nM. The K d (8.0 nM) determined for scFv7F9Cys-PEG20K was not significantly different from scFv7F9Cys. Conversely, scFv7F9Cys-PEG40K had a significantly higher K d of 67.1 nM, suggesting this conjugate was not able to bind METH as tightly as scFv7F9Cys or scFv7F9Cys-PEG20K (Fig. 3b) . Therefore, scFv7F9Cys-PEG40K was not continued for pharmacokinetic studies, as scFv7F9Cys and scFv7F9Cys-PEG20K were (Table I) .
To determine the half-life of both scFv7F9Cys and scFv7F9Cys-PEG20K a series of intravenous pharmacokinetic studies (Fig. 4) were performed. Based on modelindependent analysis of serum concentration-time data of both therapeutic proteins, scFv7F9Cys had an in vivo half-life of approximately 0.9 hrs (~55 mins), and the addition of PEG significantly extended the half-life of scFv7F9Cys by 28-fold to 26 hrs (Fig. 5 ). This extension in half-life was due to a significant 42-fold decrease in systemic clearance of the PEGylated conjugate (4 ml/hr*kg) versus the native single chain (165 ml/ hr*kg) (Table II) . Additionally, the volume of distribution was decreased slightly for scFv7F9Cys-PEG20K (164 ml/kg) compared to scFv7F9Cys (270 ml/kg). A 43-fold increase in scFv7F9Cys-PEG20K total area under the serum concentration time curve (AUC) (7,766,428 ng*hr/ml) compared to scFv7F9Cys (182,723 ng*hr/ml) was also found.
Changes in METH distribution due to scFv7F9Cys and scFv7F9Cys-PEG20K were also examined (Fig. 6 ). Serum concentrations of total METH (bound plus unbound) were measured using liquid chromatography-tandem mass spectrometry (LC/MS-MS). ScFv7F9Cys increased METH serum concentrations significantly compared to METH controls, but concentrations returned to baseline by the 2-hr time-point. ScFv7F9Cys-PEG20K increased METH serum concentrations significantly over the METH control group through the 48-hr time-point. ScFv7F9Cys-PEG20K increased serum METH concentrations significantly longer than scFv7F9Cys, suggesting that scFv7F9Cys-PEG20K is more efficacious than scFv7F9Cys in favorably altering METH disposition. Previous anti-METH immunotherapy studies have shown a decrease in METH organ and brain concentrations with mAb treatment, and a corresponding increase in METH serum concentrations (38, 39) . We did not measure brain concentrations, but previous studies suggest that the increases in METH serum concentration observed in this study correspond to decreases in brain METH concentrations (10, 38) .
The in vivo activity of both scFv7F9Cys and scFv7F9Cys-PEG20K were calculated by comparing molar concentrations of each therapeutic protein to METH molar concentrations (Fig. 7) . Overall, the total METH serum concentration was approximately 44% of the scFv7F9Cys serum concentration (Fig 7a) . Meanwhile, in the PEGylated conjugate group, total METH serum concentrations were an average of 29% of the However, scFv7F9Cys-PEG40K did not reach saturation, and was found to have significantly weaker METH binding, with a K D of 67.1 nM. While scFv7F9Cys-PEG40K was capable of binding a higher concentration of METH, we believe that much of the observed binding is not specific interactions with the larger PEG moiety. Open circles correspond to scFv7F9Cys, closed diamonds correspond to scFv7F9Cys-PEG20K, and closed circles correspond to scFv7F9Cys-PEG40K. Error bars are SEM. therapeutic protein concentration (Fig. 7b) . Although some METH binding functionality was apparently lost in vivo with the PEGylated conjugate, the AUC 0⟶2hrs of METH concentrations for the scFv7F9Cys-PEG20K group was calculated to be 935 ng*hr/ml, and AUC 0⟶2hrs of the METH serum concentrations was determined to be 340 ng*hr/ml for the scFv7F9Cys group. Therefore, over the first two hrs following i.v. administration, scFv7F9Cys-PEG20K was able to redistribute more METH back into the serum than scFv7F9Cys despite binding less METH overall. Furthermore, scFv7F9Cys-PEG20K was functional through 48 hrs with an AUC 0⟶48hrs value of 4326 ng*hr/ml, showing a 12.7-fold increase in total METH binding activity compared to scFv7F9Cys (active through approximately two hrs). Hence, scFv7F9Cys-PEG20K showed greater METH binding over a longer period of time than scFv7F9Cys despite a slight loss of functionality in vivo.
Whole brains collected from the pharmacokinetic studies were pulverized and processed for Western blot analysis. Three markers in the dopaminergic system were measured: the dopamine transporter (DAT), tyrosine hydroxylase (TH), and the vesicular monoamine transporter 2 (VMAT2) (Fig. 8a-b) . TH was significantly reduced in the presence of scFv7F9Cys-PEG20K compared to all other groups. However, no other differences were seen between groups for the other dopaminergic markers tested. The glutamatergic system was also examined with three markers measured: the NMDA receptor (NR2A), the AMPA receptor (GluR2), and the scaffolding protein PSD-95 (Fig. 8c-d) . No differences between groups were found for any of the glutamatergic markers. Within both the dopaminergic and glutamatergic systems, there were no significant differences between the saline and METH control groups and the scFv7F9Cys treatment group.
DISCUSSION
The studies presented here suggest that conjugation of an anti-METH scFv to a 20 kDa PEG is sufficient to significantly alter scFv pharmacokinetics and METH disposition, while retaining affinity for its soluble, small molecule target (METH). We have shown that, although scFv7F9Cys-PEG20K had slightly diminished METH binding in vivo compared to scFv, the K D value for binding to METH did not differ between the two preparations. As expected, PEGylation of scFv markedly increased the half-life of the antibody fragment. Previous reports of PEGylation of other scFvs have focused on larger targets, such as a solid tumor (40, 41) , or a non-soluble target, such as a receptor (42) . In some cases, scFv H-NSP. ScFv7F9Cys was found to have a half-life of approximately 55 mins, while scFv7F9Cys-PEG20K displayed a 27-fold increase in half-life (25 hrs). There was a 46-fold decrease in Cls with conjugation to PEG (4 ml/hr*kg) compared to scFv7F9Cys (201 ml/hr*kg). Data points are means + SEM. Line displays data points in the terminal elimination phase that were used to calculate half-life. PEGylation has resulted in a loss of binding affinity to the target antigen (41, 43) , while others have reported an increased affinity (40) . We found no significant changes in in vitro binding affinity of scFv-PEG to METH compared to scFv binding to METH. We employed site-specific PEGylation via a cysteinemaleimide reaction (40, 44) to minimize effects on METH binding. As our analysis via SDS-PAGE suggests, only one PEG was conjugated to each scFv. If multiple PEG moieties were conjugated to a single scFv we would expect to see multiple bands at regular, increasing size increments. However, a single product band was observed in the analysis of each PEGylation reaction performed, suggesting a single Partial AUC 0⟶2hrs suggested scFv7F9Cys-PEG20K increased total METH concentrations in the serum significantly higher than scFv7F9Cys (p < 0.05). However, both scFv7F9Cys (AUC 0⟶2hrs , p < 0.005) and scFv7F9Cys-PEG20K (AUC 0⟶2hrs , p < 0.005) increased METH serum concentrations significantly compared to saline controls. C. ScFv7F9Cys-PEG20K increased serum METH concentrations significantly higher than saline controls (AUC 0⟶48hrs , p < 0.001). PEGylation site per scFv. As PEG readily associates with water molecules, we believe this is why there is a larger difference in observed size between the native scFv and its PEGylated conjugates than would be expected in an anhydrous environment. Other PEGylation approaches have used the more common amine reaction resulting in multiple PEGylated sites on the scFv (45, 46) . This can result in multiple conjugation sites, leading to hindered binding, thus we chose to conjugate to a single location on the C-terminus. It is possible that, in addition to a small molecule antigen, the cysteine-selective conjugation located away from the binding pocket was responsible for maintaining binding activity of the PEGylated antibody fragment in this study.
The 20 kDa PEG moiety demonstrated the most active binding to METH compared to other molecular weight PEGs that were used for conjugation. Thus, it was selected for use in remainder of the studies. A linear 5 kDa PEG was tested, but unable to be purified to our satisfaction (Table I) . Additionally, a branched 40 kDa PEG conjugate was generated, but showed a much lower METH binding affinity (Table I ). The linear 20 kDa PEGylated conjugate was purified and did not hinder in vitro binding and was thus chosen to continue through pharmacokinetic studies.
The most significant finding in this study was that the scFv7F9Cys-PEG20K conjugate increased the half-life 27-fold compared to unconjugated scFv. Pharmacokinetic Comparison of METH and therapeutic protein serum concentrations (μM). a. Total METH serum concentration was approximately 44% of the scFv7F9Cys serum concentration, and AUC 0⟶2hrs of the METH serum concentrations was determined to be 340 ng*hr/ml, b. In the PEGylated conjugate group, total METH serum concentrations were an average of 29% of the therapeutic protein concentration, with a METH AUC 0⟶2hrs of 935 ng*hr/ml. Total AUC 0⟶48hrs of scFv7F9Cys-PEG20K was 4326 ng*hr/ml. This is a 12.7-fold increase in total METH binding activity compared to scFv7F9Cys, which was only active through two hrs (AUC 0⟶2hrs = 340 ng*hr/ml).
analysis of scFv7F9Cys and scFv7F9Cys-PEG20K suggested that this marked increase in the half-life of the PEGylated conjugate was due to a significant reduction in systemic clearance of the conjugate. Previous reports have shown that PEGs up to 20 kDa in size will reduce renal clearance by increasing the size of the conjugated molecule (17, 18, 47) . However, PEGs larger than 20 kDa are increasingly eliminated via hepatobiliary excretion (47) . These results and the size of the PEG used in our studies suggest that renal clearance was reduced by the addition of PEG, thus increasing the half-life of scFv7F9Cys-PEG20K. Further studies will be required to determine the exact elimination route of scFv7F9Cys-PEG20K and scFv7F9Cys. Based on allometric scaling (48), the predicted half-life in humans for scFv7F9Cys-PEG20K would be approximately 100 hrs, suggesting a dosing regimen of one dose every 4 days. This is a much more acceptable dosing regimen for relapse prevention than the dosing regimen for scFv7F9Cys, which is predicted to be once every four hrs (based on a predicted halflife in humans of 3.6 hrs). Dosing with a drug once every halflife is a general principle of clinical pharmacology and therapeutics. Dosing at significantly shorter or longer intervals than the half-life can lead to drug accumulation or subtherapeutic drug concentrations, respectively. This is a major reason to modify biologics to extend their half-life. Longer half-lives, if there is no loss of biological function, can reduce the cost, extend the time between dosing, and potentially improve patient compliance.
Finally, we examined the effect of scFv7F9Cys and scFv7F9Cys-PEG20K on neuroadaptive changes that can occur with chronic METH use. To our knowledge, we are the first group to study these effects. Though preliminary, the changes found in whole brain suggest further studies examining specific brain regions (i.e. striatum and hippocampus) and a more complete sampling timeline may provide more insight into the effects of the scFv's on METH neuroadaptation. No differences between the saline control group and the METH control group were found. There are a few possible explanations for this result, including the analysis method (whole brain rather than specific sections), the timing of brain tissue sampling (after METH serum concentrations had returned to baseline levels), and the dose of METH given was lower than previously seen in chronic METH studies (49) (50) (51) .
We also observed a reduction in TH found in the scFv7F9Cys-PEG20K group and a slight reduction of TH in the scFv7F9Cys-treated group, suggesting that TH expression could be sensitive to a rapid withdrawal of METH from the brain. This differs from previous studies, which show that TH mRNA and protein expression are increased up to one day following a final METH dose (52, 53) . However, these studies either did not administer any drug to remove METH from the brain (53), or administered an NMDA antagonist that may elicit off-target effects (52) . Additionally, we do not believe that scFv7F9Cys or scFv7F9Cys-PEG have a direct effect in the brain, as a previous biodistribution study from this lab showed that scFv7F9Cys was not detected in brain tissue (54) . Therefore, scFv7F9Cys and the PEG20K conjugate likely elicit a rapid removal of METH from the brain without direct effects at other neurological receptors, differing in mechanism from previous studies, and possibly eliciting a new result of reduced TH concentrations. More studies need to be conducted to determine the time course of this effect, as well as whether this alone will have a behavioral effect, but they are beyond the scope of this pharmacokinetic study.
The purpose of conjugating scFv7F9Cys to PEG was to generate a high-affinity pharmacological treatment option for METH abuse through an increase in in vivo half-life. We think, despite a minor loss in in vivo functionality, that scFv7F9Cys-PEG20K warrants further development and testing as a potential pharmacotherapy for METH abuse.
CONCLUSION
The studies presented here suggest that conjugation of an anti-METH scFv to a 20 kDa PEG is sufficient to significantly improve scFv pharmacokinetics and METH disposition (through an increase in METH serum concentrations), while retaining functional binding capacity for its soluble, small molecule target antigen (METH). We have shown that, although scFv7F9Cys-PEG20K had slightly diminished METH binding in vivo compared to scFv, the measured K d value for binding to METH did not differ between the two preparations. Most importantly, PEGylation of scFv markedly increased the half-life of the antibody fragment.
